Summary. The 
Introduction
Ageing of the testis, like that of the ovary, involves a decreased output of sex steroids and gametes, though this does not usually result in a well-defined climacteric or transition from the reproductive to a post-reproductive phase of adult male life (Bishop, 1970; Vermeulen, Rubens & Verdonck, 1972;  Nieschlag, 1979) . Morphological signs of testicular ageing can be recognized relatively early in maturity, the most conspicuous one being the appearance of atrophie tubules in men and other animals (Sasano & Ichijo, 1969; Bishop, 1970) .
In the present study an attempt was made to identify possible causes of tubule atrophy in the testes of ageing inbred mice by comparing their functional activity with their morphological appearance. In addition, it seemed necessary to search for signs of testicular autosensitization in these animals because this organ is susceptible to immunological injury and autoimmunity is a characteristic of ageing.
Materials and Methods
Animals. Young (4-5 months) and ageing (20-23 months) CBA/Ca male mice were obtained from the Department of Physiology colony where they were maintained at 23 ± 1°C with a photoperiod of 14 h/day and food and water ad libitum. All of these animals had previously sired offspring although animals of this colony rarely mate with or impregnate females after 20 months of age. They had been isolated from females at least 1 month before study. Each animal was killed by decapitation and trunk blood was collected and prepared as serum which was stored at -18°C for steroid radioimmunoassay (see below). adhering tissue and incubated for 10 min at 36°C in 3 ml tissue culture medium 199 containing Earle's salts and 20 mM-Hepes buffer (Flow Laboratories, Irvine, Ayrshire). The medium was supplemented with 0-27 mM-pyruvate, 3 mg BSA (Sigma, London)/ml and 0-1 mg gentamicin (Flow Labs)/ml. The epididymis was then cut in three places and at the base of the vas to allow spermatozoa to swim out. After a further incubation of 15 min the fluid was agitated gently and samples were withdrawn for light microscope examination. The percentage of motile spermatozoa was estimated from the proportion capable of forward progression.
The left testis and epididymis were each isolated, blotted gently to remove surface moisture, weighed and minced for 20 sec in 2 ml medium (as above) to produce a cell suspension (Polytron, Lucerne). The suspensions were vortex-mixed and prepared immediately for counting with a haemocytometer. Seminal vesicles were weighed after expression of their fluid contents. Finally, a routine post-mortem examination was carried out so that diseased animals could be excluded from study.
Light and electron microscopy. Testes were removed from animals immediately after death and fixed overnight in aqueous Bouin's fluid. Fixed tissues were embedded in paraffin wax, sectioned at 6 um and stained with haematoxylin and eosin. The spermatogenic activity of these organs was estimated by using the Sertoli cell number as a constant factor, and thus to obtain the "Sertoli cell ratio" (Skakkebaek & Heller, 1973 (Vitale, Fawcett & Dym, 1973) .
Estimation of serum sperm-agglutinating activity. Blood was collected from the tail veins of conscious animals and prepared as serum. Although mainly comprising CBA/Ca mice this group also included 3 young and 5 ageing Q-strain animals. A micro-agglutination method based on that developed for the rat was used for measuring sperm-agglutinating activity (Riimke & Titus, 1970 cryostat sections cut at 6 µ were incubated with rabbit anti-mouse Ig, washed with PBS and then incubated with FITC-conjugated swine anti-rabbit Ig (Dako, Copenhagen). The presence of non-specific fluorescence was checked by incubating some sections without the first antibody. After thorough rinsing in PBS the sections were examined by u.v. fluorescence microscopy using incident illumination.
Radioimmunoassay. Serum testosterone and 5a-dihydrotestosterone (5a-DHT) were measured by radioimmunoassay following extraction with hexane: ether (4:1, v:v) and separation by celite chromatography (Thorneycroft, Ribeiro, Stone & Tillson, 1973 ). An antiserum was raised to testosterone in a goat using testosterone-3-carboxymethyloxime-BSA as the immunogen (Corker & Davidson, 1978) . The cross-reactivity of the antiserum with 16 steroids was analysed and found to be significant only for 5a-DHT (23-9%), 11 ß-hydroxytestosterone (0-4%), oestradiol-17ß (0-2%) and A4-androstenedione (0-1%). The antiserum to 5a-DHT was raised to 5a-dihydrotestosterone-3-carboxymethyloxime-BSA in a rabbit and this cross-reacted with testosterone (57-0%), 5a-androstan-3ß,17ß diol (7-8%) and 5ß-DHT (3-0%). The efficiencies of recovering known amounts of testosterone and 5ct-DHT from serum were 81-0 ±6-7% and 87-8 ± 8-5% respectively for the two steroids. The characteristics of the assays for testosterone and 5ot-DHT were as follows: sensitivity (10 and 5 pg respectively), intra-assay variation (4-7 and 9-0% respectively), interassay variation (11-8 and 14-2% respectively).
Statistics. Because the form of the statistical distribution of data in the cytological studies was uncertain, the results were expressed by median values and ranges and analysed by ranking the data and applying Wilcoxon's test.
Results
The testes of old mice were conspicuously different from those of younger animals. They were smaller, somewhat flaccid and yellow-brown in coloration and the spermatozoa recovered from them were reduced in number and quality. The median values of testicular and epididymal spermatozoa in old animals were less than 30% of those in young individuals, and substantially fewer epididymal spermatozoa of the former group were motile and many were morphologically abnormal or decapitated forms (Table 1 ). The serum concentrations of testosterone but not 5a-DHT were reduced in old animals (Table 1) . However, there was no parallel reduction in weight of the androgen-sensitive organs, epididymis and seminal vesicles, and the latter contained an abundant secretion. Figs 1 and 2) . The remnant of functional tubules in old animals exhibited widely varying degrees of germ cell attrition as was evidenced by their 'Sertoli cell ratio' ( Table 2 ). The proportionate differences between 'Sertoli cell ratios' in the two age groups became progressively greater through successive stages of spermatogenesis. This result was apparently due to arrested development of spermatogonia and spermatocytes in some tubules rather than to a substantial increase in cell death, though quantitative estimates of death rates were not recorded. The reduction in spermatogenic activity was associated with reduced diameter of tubules (P < 0-01) and folding of the extracellular elements of the lamina propria (PI. 1, Fig. 4) . (1-6-3-4) (3-0-5-6) (7-8-11-5) (9-1-13-5) (7-11)
(0-3-9) (0-13-5) (0-12-9) (7-13)
Values are medians and ranges. (Fig. 4) compared to the appearance in young mice (Fig. 3 ). There were conspicuous bundles of collagen fibrils (C) between the internal and external laminas of old tubules. Glutaraldehyde and osmium, 18 200. The internal basal lamina (i.e. adjacent to Sertoli cells) of aged tubules was folded, multi-laminar and substantially thicker than that in young animals (PI. 1, Figs 3 and 4) . It was also associated with bundles of collagenous connective tissue which had presumably been produced by myoid cells. These age differences were much less marked in the external lamina.
The atrophie changes in seminiferous tubules did not appear to have a specific pathological aetiology other than their relation to age. There was no evidence of obstruction of the lumen, of virus-like particles in the germinal epithelium or of an inflammatory reaction. Furthermore, there was no evidence of development of systemic or local autoimmune responses to testicular antigens. Circulating sperm-agglutinating antibodies were absent from young and old animals alike unless they had previously been sensitized by injection of testicular tissue (titre > 20) (Table 3) . Moreover, inflammatory infiltrates of mononuclear cells were not found in aged animals and fluorescence due to immunoglobulin was confined to the interstitial tissue and, to a much lesser extent, the basal part of the tubules (PI. 2, Fig. 5 ). Large numbers of autofluorescent granules were sometimes seen within tubules but they could always be distinguished from the evanescent apple-green appearance of FITC-conjugated antibody by their golden-yellow appearance and stable emission characteristics. They were probably the lipofuscin granules described above. 
Discussion
These findings endorse earlier reports that substantial changes in testicular morphology and decrements in hormone and gamete production proceed during ageing in mice (Bishop, 1970; Bronson & Desjardins, 1977) . Other investigators have, however, reported that these functions are well-maintained in animals of advanced age (Finn, 1964; Eleftheriou & Lucas, 1974; Nelson, Latham & Finch, 1975) . We cannot say whether the discrepancies between these studies result from differences of physiological age or of unidentified disease as is implied in the study of Nelson et al (1975) . However, the relatively early senescence of the testis during the lifespan of CBA/Ca mice corresponds to that of the ovary in this strain (Jones & Krohn, 1961 Figs 7 and 8. These micrographs show the appearance of lanthanum in the minority of old seminiferous tubules in which penetration was not impeded by junctional complexes between Sertoli cells (S). The tracer substance could be seen as a thin line of opaque material extending from the basal zone of the tubule through narrow extracellular spaces (arrows) (Fig. 8) . The characteristic configuration of membranes at sites of tight junctions was not usually observed in these abnormal tubules. In some tubules where the tracer had penetrated the inner compartment (arrow) maturation of spermatids (T) was apparently proceeding normally in the apical epithelium (Fig. 7) . Glutaraldehyde and osmium, 7500. morphologically abnormal spermatozoa in epididymides may also be attributed to testicular ageing since both maturation and transit time of epididymal spermatozoa are sensitive to the concentrations of androgen (Dyson & Orgebin-Crist, 1973) . Accumulation of informational errors in stem cells and genetic faults during gametogenesis are likely to be additional factors of importance (Bishop, 1970) .
The maintenance of the size of the litters sired by ageing male mice (Finn, 1964; Franks & Payne, 1970) may indicate that biologically significant deficits of the quantity and/or quality of epididymal sperm reserves do not occur, or occur after libido has waned. On the other hand, the frequent occurrence of insemination without subsequent impregnation in old CBA/Ca male mice may be an expression of oligospermia (R. G. Gosden, unpublished) . The numbers and appearance of ejaculated spermatozoa should now be studied in these animals.
The lifespan of spermatogonial stem cells of mice appears to be limited by a randomly specified process and the numbers of these cells decrease exponentially with age (Suzuki & Withers, 1978 (Dym & Fawcett, 1970; Vitale et al, 1973; Setchell, 1978) . If penetration of aged testicular tubules by lanthanum is a physiologically significant indication of a defective blood-testis barrier, the arrested development of spermatogonia and spermatocytes may be the result of an altered intra-tubular microenvironment. Consistent with this view, Neaves (1978) found lanthanum-permeable 'tight' junctions with reduced sperm production in the testes of vasectomized Lewis rats. However, further explanations of sperm cell attrition must be sought because the integrity of the blood-testis barrier was apparently maintained in the majority of atrophie tubule segments.
Maintenance of germ cell number and maturation in the testis is particularly sensitive to ischaemia, alterations in hormone balance and a variety of environmental factors including diet, ionizing radiation and temperature, though the mechanisms whereby they exert their control are poorly understood (Setchell, 1978) . A number of these factors could play a part in senile testicular atrophy although the best documented one is the reduced production of testosterone by Leydig cells, which may be due in turn to LH deficiency (Bronson & Desjardins, 1977) . Furthermore, the amount of testosterone available to the germinal epithelium may be reduced even further by thickening of the barrier to diffusion, a condition which characteristically accompanies testicular cell injury by a wide variety of agencies (Pierce & Nakane, 1969) . The lamina propria may not only provide a significant barrier to the entry of hormones but also to nutrients and to the exchange of respiratory gases between the avascular tubule and the blood supply which may already be diminished (Ewing, 1967; Sasano & Ichijo, 1969) .
Several potentially damaging changes appear simultaneously in ageing testes. It is not yet possible to say which is primary; besides, their individual significance may be increased when in combination. Somewhat surprisingly, we found no experimental or morphological support for an autoimmune hypothesis of testicular ageing. Except for the lack of conspicuous cellular infiltration, the morphological appearance of many atrophie tubules in aged testes resembled that of testes suffering a low-grade autoimmune orchitis. Moreover, Riimke & Titus (1970) reported low titres of naturally occurring anti-sperm antibodies in the serum of rats approximately 9-12 months old. There was no evidence of spontaneous testicular autoimmunity in ageing mice. The integrity of the blood-testis barrier in ageing mice, though probably defective in places, is presumably sufficient to prevent autosensitization even at advanced stages of testicular atrophy.
